Expressed in more than 70% of clinical samples, estrogen receptor α (ERα) is an important marker for breast tumor diagnosis and prognosis ([@r1], [@r2]). Upon estrogen binding, ERα is phosphorylated to form homo- or heterodimers (with ERβ), which recognize consensus sequences in the promoters of responsive genes, recruiting coactivators or corepressors and thus regulating transcription ([@r3], [@r4]). This process is crucial for the progression of the majority of primary breast tumors by regulating many genes that play important roles in cell proliferation and survival. Thus, selective estrogen receptor modulators, such as tamoxifen, have been used widely to treat ERα-dependent tumors. However, ERα expression and activity tend to be low in highly aggressive or endocrine therapy--resistant breast cancer cells ([@r5][@r6]--[@r7]). The balance between growth factor receptor and ERα expression and activation is critical for the survival of these cells ([@r8]).

The JAK-STAT pathway plays a pivotal role in transducing signals from the cell surface to target genes in response to cytokines such as IFN-α, IFN-β, IFN-γ, and interleukins and growth factors such as EGF, PDGF, growth hormone, GM-CSF, and G-CSF ([@r9]). STAT3 is an important oncogene that is constitutively activated in many types of tumors, including those of the breast ([@r10]). By promoting the expression of target genes, activated STAT3 inhibits apoptosis, regulates the cell cycle, and induces angiogenesis ([@r11]). Importantly, the functions of STAT3 depend on the status of posttranslational modifications in addition to tyrosine phosphorylation, including lysine methylation and acetylation ([@r12][@r13]--[@r14]), which are, in turn, controlled by autocrine or paracrine stimulation of specific receptors ([@r15]). Interruption of activated JAK-STAT signaling is a very attractive approach to inhibit the growth of many different cancers ([@r16], [@r17]).

ZIP is a repressor of transcription that includes zinc finger, TUDOR, G-patch, and coiled-coil domains ([@r18]). In response to unknown stimuli, ZIP forms a homodimer that translocates to the nucleus ([@r18], [@r19]). Knocking ZIP expression down in breast cancer cells leads to dysregulated proliferation, indicating its potential role as a tumor suppressor ([@r18]). Utilizing the powerful forward genetic validation-based insertional mutagenesis (VBIM) method ([@r20][@r21][@r22][@r23]--[@r24]), we cloned an N-terminal-truncated form of ZIP (dZIP) which suppresses the activity of full-length ZIP. We now report that ZIP regulates multiple pathways that mediate resistance to endocrine therapy, including estrogen receptor expression and activity, PI3K-AKT activity, and receptor tyrosine kinase (RTK) expression. Most importantly, the expression and activation of JAK2, STAT3 tyrosine phosphorylation, and resistance to tamoxifen were all dramatically increased when ZIP expression was repressed.

Materials and Methods {#s1}
=====================

Cells and Reagents. {#s2}
-------------------

The 293T, MCF7, T47D, ZR-75-30 (ZR), BT549, 231, 468, and derived cell lines were from ATCC. The 2FTGH, U1A, U4A, and γ2A cells were described by Watling et al. ([@r25]). All cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (Gibco), 100 U/mL penicillin, and 100 mg/mL streptomycin (Sangon Biotech). Antibodies against phospho-JAK2 (Tyr1007/1008), JAK2, phosphor-STAT3 (Tyr705), STAT3, phospho-STAT1 (Tyr-701), STAT1, phospho-STAT5 (Tyr-694), STAT5, phospho-AKT (Tyr-473), AKT, pmTOR, PTEN, p-HER2, HER2, pFGFR, pSRC, pERK, pPKA, pP65, pIKK, IKK, pIκB, IκB, phospho-ERα (Ser167), and ERα were from Cell Signaling Technology. Hygromycin, puromycin, and anti-FLAG were from Sigma-Aldrich. Anti-ZIP was from Abgent. Antibody against mouse IgG was from Santa Cruz. Antibodies against actin and GAPDH were from Goodhere. AZD1480 and ruxolitinib were from SelleckChem. Tamoxifen citrate was from Merck. Transfection reagents were from Qiagen or Invitrogen. The luciferase assay substrate was from Promega. General biochemical reagents were from Sangon Biotech. Restriction, ligation, and PCR enzymes were from Thermo Fisher. The EGFR inhibitor (C3327), the HER2 inhibitor, AG879, the AKT inhibitor, AZD5363, and the NFκB inhibitor, QNZ, were from APExBio.

VBIM Insertion and Colony Validation. {#s3}
-------------------------------------

MCF7 cells, derived from a single clone, were pretreated with tamoxifen to determine the minimum lethal dose; 11 μM were sufficient to kill most of the cells. Cells (1,000 per well) were seeded in 96-well plates and infected with 50 μL of each of the three VBIM virus suspensions overnight. The medium was replaced by complete medium, and the cells were cultured for 24 h more. To minimize the possibility that an intrinsic resistant cell would be picked, 12 μΜ of tamoxifen were then used to treat the control and the infected pools. After 48 h, when the cells in the control groups were all dead, the surviving cells were expanded. Every positive well contained no more than one colony, so repeated isolation of the same colony was avoided. When the resistant cells had grown to 80% confluence in six-well plates, genomic DNA was extracted and digested with EcoRI and MfeI. The DNA fragments were purified and self-ligated. Nested inverse PCR using Taq polymerase and VBIM primers followed to determine DNA sequences upstream of the integration site. The fragment was ligated into the pCR2.1 vector, transformed into DH5α competent cells, and sequenced ([@r20]). Insertion sites were analyzed using Blast and the NCBI database.

Chromatin Immunoprecipitation (ChIP) and ChIP Sequencing. {#s4}
---------------------------------------------------------

To perform ChIP experiments, we utilized the EZ ChIP (Upstate) buffer system. MCF7 cells in 100 mm plates were transfected with plasmids expressing ZIP or controls, and 48 h later, 270 μL of 37% formaldehyde were added to each 10 mL of medium with swirling for 10 min. One milliliter of 10 × glycine buffer (1.25 M) was then added, and the mixture was swirled for 10 min to inactivate excess formaldehyde. The medium was then removed, and the cells were washed with ice-cold phosphate-buffered saline (PBS) twice and collected into a microfuge tube with 1 mL PBS and a mixture of proteinase inhibitors, followed by centrifugation at 700 × g at 4 °C for 4 min. Then 300 μL of lysis buffer plus proteinase inhibitors were added to suspend the cells, which were sonicated 20 times for 3 s each, with a 10 s rest each time at 50% of the maximum setting (Cole Parmer Ultrasonic Processer, model CPX130), followed by centrifugation at 14,000 × g for 10 min. Supernatant solutions were diluted in dilution buffer, 60 μL of protein G agarose were added, and the mixture was rotated at 4 °C for 1 h. The agarose was then removed by centrifuging at 3,000 × g for 1 min, and 5 μL of supernatant solution were saved at 4 °C as "input." Immunoprecipitation was performed overnight at 4 °C with 1 μg mouse IgG or anti-FLAG. Protein G agarose was then added, and the mixture was rotated for another hour. The complex was washed in sequence with low-salt, high-salt, LiCl, and Tris EDTA (TE) buffers (twice). Protein--DNA complexes were then eluted with TE elution buffer at 65 °C for 5 h to reverse the cross-links. The samples were then treated with RNase A and proteinase K. A MinElute Purification Kit (Qiagen) was utilized to purify DNA extracts, and 21 to 30 cycles of PCR were performed, using the primers listed in [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental).

To perform a ChIP sequencing (ChIP-seq) analysis, DNA fragments generated from MCF7-ZIP-FLAG cells by precipitation with anti-FLAG were analyzed on the Hiseq platform. Low-quality reads, degenerative reads, adaptor reads, and short reads (\<18 base pairs \[bp\]) were excluded. Peaks were called with model-based analysis for ChIP-seq using default parameters. We have uploaded the raw data to the Gene Expression Omnibus database. Genes were considered to be regulated by ZIP only if the *P* value (immunoprecipitation group vs. input group) was \<0.05. These genes are listed in [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental). More detailed experimental procedures are available from Novogene.

Luciferase Reporter Assay. {#s5}
--------------------------

Half-confluent 293T cells in six-well plates were transfected with pGL4.20-puro-vectors encoding the JAK2 promoter (wild type or containing mutations in the ZIP-binding sites) We used the forward primer 5′-GAG​GGC​TG[GGA​ctA​GA]{.ul}GGG​TCG​CGA​GAA​ATT​TCC​ACT​TTG​TAC-3′ and the reverse primer 5′-ACC​C[TCT​agT​CC]{.ul}CAG​CCC​TCT​TCA​ATT​TCC​AG-3′ to mutate the first binding site [GGAggAGA]{.ul} at −6226 to −6219 bp (upstream from translational starting codon ATG) to [GGActAGA]{.ul} and the forward primer 5′-GAA[GGA​ctA​GA]{.ul}GAA​AAG​CTT​AGT​TAA​GGA​C-3′ and the reverse primer 5′- TTC[TCT​agT​CC]{.ul}TTC​CCC​CTT​TTT​TTC​CC-3′ to mutate the second binding site [GGAggAGA]{.ul} at −5482 to −5475 bp (upstream from ATG) to [GGActAGA]{.ul}. Underlining shows the binding sites, and the mutated nucleotides are in lowercase letters. Forty-eight hours later, the cells were split into 60 mm plates, and 5 mL of medium were added, with 2.5 μM puromycin. Before they achieved 80% confluence, the cells from each plate were split into 100 mm plates with 3.0 μM puromycin and were allowed to form colonies. After 10 d (starting from the day of transfection), tens of colonies could be seen. Single colonies were picked and transferred into 96-well plates. After adhering, the cells in each well were split into two new wells. Twenty-four hours later, the luminescence of the cells in one well was measured on a Vector3 multilabel counter (PerkinElmer). Positive colonies (in the other well) were cultured to expand them, with increasing concentrations of puromycin, up to 5.0 μM. The cells were then split into puromycin-free medium for three more passages, and 5.0 μM puromycin was again used to kill nonstably transfected cells. Then, single-cell clones that were luminescence positive were picked and utilized to evaluate the promoter-specific effects of ZIP. A vector encoding FLAG-ZIP or a control vector was transiently transfected into the candidate cells, and luminescence was measured 24 h later.

Immunoprecipitation and Western Analysis. {#s6}
-----------------------------------------

For immunoprecipitation, cell lysates were incubated in lysis buffer (50 mM Tris⋅HCl, pH 8.0, 0.5% Nonidet P-40, 150 mM NaCl) for 30 min at 4 °C, with agitation three times every 10 min, followed by centrifugation at 14,000 × g for 8 min at 4 °C. Five hundred microliters of supernatant solution were incubated with specific antibodies (1 μg) overnight at 4 °C with constant swirling; 40 μL of 50% protein G agarose beads were then added with incubation for 2 h more. The beads were collected by centrifugation at 8,000 × g for 1 min at 4 °C and washed three times using the lysis buffer. The precipitated proteins were eluted by suspending the beads in 2 × sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) loading buffer and then heated at 95 °C for 5 min. Protein samples from patients were extracted for Western analysis utilizing Qproteome FFPE Tissue Extraction Buffer (Qiagen). Cultured cells were lysed on ice with radio immunoprecipitation assay buffer (Beyotime, China) with additional mixture inhibitor (Roche), sonicated for 15 s, and centrifuged at 14,000 × g for 8 min at 4 °C. Proteins resolved by PAGE in 15% SDS were transferred onto polyvinylidene fluoride membranes (Millipore), which were incubated with specific primary antibodies at 4 °C overnight, followed by incubation with secondary antibodies for no less than 2 h. Visualization was then performed with the enhanced chemiluminescence plus detection system (PerkinElmer) and Kodak film.

Real-Time PCR. {#s7}
--------------

Total RNA was prepared by using the RNA Extract Kit (Tiangen). First-Strand complementary DNA (cDNA) was synthesized by M-MLV reverse enzyme (Takara). With specific primers and SYBR Green qPCR master mix, RT-PCR reactions were performed under the following protocol: initial denaturation at 95 °C for 3 min, followed by 40 cycles of three steps each at 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. Relative expression levels of different genes were normalized to that of GAPDH ([@r26]). Primers used are listed in [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental).

MicroRNA (miRNA) Assays. {#s8}
------------------------

Small RNA was extracted from cell lysates with miRNeasy (Qiagen) and analyzed by following the instructions of the All-in-One miRNA qPCR Detection Kit (GeneCopoeia), with universal reverse primer and specific forward primer.

Bliss Independent Criterion Analysis. {#s9}
-------------------------------------

This analysis was performed as reported previously ([@r27], [@r28]). Inhibition by tamoxifen (TAM), AZD1480, and the combination was measured by using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. The theoretical inhibition rate was calculated as E (Bliss) = E (TAM) + E (AZD) − E (TAM) × E (AZD). If the observed inhibition rate E (observed) is more than the theoretical inhibition rate, E (Bliss), the two drugs are considered to have synergetic effects.

Xenograft Studies. {#s10}
------------------

All in vivo experiments were conducted in an SPF (specific pathogen-free) laboratory. Six-week-old NOD-SCID mice were purchased from Vital River. MCF7-shCtrl or MCF7-shZIP cells were suspended in serum-free Dulbecco's modified Eagle's medium, and 10^6^ cells were injected in the mammary fat pads and allowed to grow for 6 wk. After 3 d, tumor-bearing mice were treated by intragastric introduction with vehicle or tamoxifen dissolved into PBS, 25 mg/kg/d every 3 d ([@r29]). The volume was calculated as (4π/3) (width/2)^2^ (length/2). The tumor weight was measured at the ending point. The procedures were performed according to the *Laboratory Animals---Guideline of Welfare and Ethics*([@bib57]) of the Standardization Administration of the People\'s Republic of China and regulations of local ethical approval; *n* = 6 for each group.

Statistical Analysis. {#s11}
---------------------

Experiments were performed in triplicate. Column heights indicate mean values. Bars indicate SDs. Comparisons between two groups were performed using paired one-tailed *t* tests. Results are reported as mean + SD unless otherwise noted. All in vitro experiments were performed three times at least. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. NS indicates not significant.

Patient Specimens. {#s12}
------------------

The tamoxifen-treated specimens were from six female patients. They were first diagnosed as bearing ER+ breast cancer and chose to undergo tamoxifen-adjuvant chemotherapy, together with 5-FU, THP-adriamycin, or cyclophosphamide, instead of a mastectomy. During the course of treatment, ranging from 3 mo to 5 y, they experienced recurrent cancers and then accepted a mastectomy. The non-tamoxifen-treated breast cancer control patients underwent chemotherapy with 5-FU, THP-adriamycin, and cyclophosphamide, etc., but not tamoxifen. They also experienced recurrent cancers and accepted a mastectomy.

Proteins from cancerous tissue as well as normal tissue (located at least 3 cm away from cancerous tissue) were extracted to perform Western analysis. The patient specimens were generated by the Gansu Provincial Cancer Hospital (GPCH) in compliance with protocols approved by the GPCH Institutional Review Board after the subjects gave their consent.

Results {#s13}
=======

Identification of dZIP in Tamoxifen-Resistant MCF7 Cells. {#s14}
---------------------------------------------------------

Lentiviruses encoding the three VBIM viruses were used to drive random mutations in populations of ER-positive MCF7 breast tumor cells. Following selection with Tamoxifen, we transfected a vector encoding CRE recombinase into resistant colonies ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)), finding that four of eight colonies showed dependence on the CMV promoter for resistance. In validated colony R2, a DNA fragment flanking the SD2 insertion site was mapped to the ZIP gene, on chromosome 20q13 ([Fig. 1*B*](#fig01){ref-type="fig"}), a hot spot locus that includes many genes related to tamoxifen resistance ([@r30]). This insertion led to the expression of a truncated ZIP protein (dZIP) with 329 amino acids instead of full-length ZIP, which has 511 ([Fig. 1 *C* and *D*](#fig01){ref-type="fig"}). The mutant of this gene was detected once in our screening. dZIP lacks the C3H1 zinc finger DNA binding domain. The NuRD complex is a key regulator of histone deacetylation and repression of transcription ([@r31], [@r32]), and ZIP has been reported to associate with components of this complex ([@r18]). NuRD mediates histone deacetylation and target gene silencing. As reported, the loss of the zinc finger domain of ZIP leads to a mutant protein in which the ability to bind the NuRD complex is unimpaired but the ability to recognize specific promoters is lost, resulting in a dominant-negative function ([@r19], [@r33]). When overexpressed in naive MCF7 cells, dZIP conferred resistance to tamoxifen ([Fig. 1*E*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

![Forward genetics identifies dZIP, a truncated form of ZIP, in tamoxifen-resistant R2 cells. (*A*) A population of MCF7 cells was infected with the VBIM lentiviruses and selected with tamoxifen. R2 was a VBIM-positive single colony resistant to TAM. R2 was transfected with a vector encoding CRE recombinase to generate R2-CRE cells and then treated again with tamoxifen. Surviving cells were stained with crystal violet. (*B*) Genomic DNAs from control MCF7 cells or R2 cells were digested and self-ligated. Nested PCR was performed to obtain the sequence flanking the insertion. (*C*) Western analysis was performed to measure the expression of ZIP and dZIP in MCF7, R2, and R2-CRE cells. GAPDH served as the loading control. (*D*) The expression of dZIP mRNA was analyzed by RT-PCR using a 5′ primer for FLAG sequences and a 3′ primer for ZIP. GAPDH served as the loading control. (*E*) Ectopic expression of dZIP in naive MCF7 cells leads to tamoxifen resistance. (*Left*) MCF7 cells were infected with a lentivirus encoding dZIP, and total lysates were analyzed by the Western method. (*Right*) The absorbance at 570 nm of the diluted crystal violet was measured and analyzed in three independent experiments. \**P* \< 0.05, \*\**P* \< 0.01.](pnas.1910278117fig01){#fig01}

ZIP Expression Reverses Tamoxifen Resistance in Breast Cancers. {#s15}
---------------------------------------------------------------

To study the role of full-length ZIP in tamoxifen resistance in breast cancer cells more broadly, we investigated the sensitivity to tamoxifen in different ERα-positive breast cancer cell lines. ZR-75-30 (ZR) is relatively resistant to tamoxifen treatment, while MCF7 and T47D are sensitive ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). To study whether endogenous ZIP contributes to tamoxifen sensitivity in responsive cells, we repressed its expression in MCF7 and T47D cells with small hairpin RNAs (shRNAs) ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). Down-regulation of ZIP elevated tamoxifen resistance in both cell lines ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). ZR-ZIP cells, which have increased expression of ZIP, are more sensitive than control cells ([Fig. 2*B*](#fig02){ref-type="fig"}). These results indicate that tamoxifen resistance can be reversed by increased ZIP expression and that endogenous ZIP is a regulator of tamoxifen sensitivity in vitro.

![ZIP is a negative regulator of tamoxifen resistance. (*A*, *Left*) MCF7 cells were infected with lentiviruses encoding shRNAs targeting ZIP, and total protein lysates were analyzed by the Western method. (*A*, *Right*) TAM was added, and cell viability was evaluated using the MTT assay (*n* = 4). (*B*) ZR-75-30 (ZR) cells were infected with a lentivirus encoding full-length ZIP. Protein expression (*Left*) and relative cell viability (*Right*) were analyzed as in *A*. *n* = 4. (*C*) In vivo efficacy of tamoxifen on breast tumor xenografts expressing different levels of ZIP. Weights of tumors from mice bearing MCF7-shC control or MCF7-shZIP (sh2) xenografts, with or without TAM treatment, were determined (*n* = 6). (*D*) ZIP expression in human breast cancer patients. Tumor samples were assayed by the Western method. A lysate from MDA-MB-468-ZIP cells was used as a positive control. C: cancerous tissue; N: normal tissue. (*E*) Relative expression of ZIP in [*SI Appendix*, Fig. S1*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental) was analyzed. The mean fold changes of ZIP mRNA expression in 21 patients who were not treated with TAM and 6 patients who were treated with TAM were analyzed with unpaired two-tailed Student's *t* tests. (*F*) Relative mRNA expression change of ER-related genes in MCF7-shControl (shC) vs. shZIP (sh1 and sh2). Hierarchical heat map displaying expression values for ER cofactors or related genes. Read numbers from RNA-seq data were normalized with minimum--maximum scaling. Red shows up-regulation, and green shows down-regulation. Three replicates from each cell line are shown. (*G*) MCF7 or T47D cells were infected with lentiviruses encoding shRNAs targeting different sites of ZIP, and total lysates and protein samples were analyzed by the Western method. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](pnas.1910278117fig02){#fig02}

In contrast to estrogen, after it binds to the ER, tamoxifen recruits different proteins as corepressors, such as NCoR (nuclear receptor corepressor) and SMRT, which repress gene stimulation. Therefore, we evaluated the effect of fulvestrant, an inhibitor of ER signaling that is not dependent on association with corepressors. We found that knockdown of ZIP in MCF7 and T47D cells increased resistance to fulvestrant, while overexpression of ZIP had no effect on ZR cells treated with the chemical. This result correlated with the dependence on the estrogen receptor ([*SI Appendix*, Fig. S2*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)), indicating that ZIP may affect ER expression and/or activation.

To confirm the in vivo role of ZIP in regulating resistance, responses to tamoxifen were tested in immunodeficient mouse models bearing MCF7-shControl (shC) or MCF7-shZIP (sh2) xenografts. Obvious differential inhibition of tumor growth between experimental and control groups was observed ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2 *D* and *E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)), indicating the tumor-repressing effect of tamoxifen. The growth of control shC xenografts was greatly impaired compared to sh2 xenografts upon treatment with tamoxifen.

We also compared each normal mammary gland tissue with the corresponding recurrent/resistant cancer specimen (described in [*Materials and Methods*](#s1){ref-type="sec"}), observing dramatic down-regulation of ZIP expression in all six tamoxifen-treated tumor samples ([Fig. 2*D*](#fig02){ref-type="fig"}). Comparing the relative expression of ZIP in samples from tamoxifen-treated vs. untreated breast tumor patients, we also observed significant down-regulation in the tamoxifen-treated samples ([Fig. 2*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

ZIP Regulates Tamoxifen Sensitivity by Affecting Multiple Pathways. {#s16}
-------------------------------------------------------------------

To further address how the expression of ZIP changes the sensitivity to tamoxifen, we examined ERα, the target of tamoxifen, and genes that are directly regulated by ERα ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). ERα expression was elevated in exogenous ZIP-expressing cells and down-regulated in ZIP-knockdown cells ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). We also found down-regulation of ERα-dependent genes, such as *CATHD, MYC, EGR3, GREB1,* and *RET* ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). These results strongly indicated that ZIP suppresses expression of ERα along with its target genes. To discover whether additional genes related to the ER pathway or other important signaling pathways were also regulated by ZIP knockdown, we performed an RNA sequencing analysis in MCF7-shC cells, compared to MCF7-shZIP cells, finding that many ER cofactors and downstream genes were affected, either directly or indirectly ([Fig. 2*F*](#fig02){ref-type="fig"}). Since ZIP has a zinc finger domain that is required for DNA binding and loss of this domain enhances resistance to tamoxifen, we performed ChIP sequencing assays in MCF7 cells stably expressing FLAG-tagged ZIP to reveal key drivers of tamoxifen resistance, finding that the protein products of ZIP target genes function in several important pathways, including regulation of signal transduction, giving us additional clues concerning possible mechanisms of resistance ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

After long-term exposure of SERMs (selective estrogen receptor modulators) in breast cancer cells, many pathways have been reported to regulate tamoxifen sensitivity. Breast cancer anti-estrogen resistance 1, 2, and 3 (BCAR1, 2 and 3) and RTKs modulate tamoxifen resistance either by stimulating the expression or activation of proliferation factors or by suppressing cell death genes ([@r34], [@r35]). We found that the expression of all three BCARs was not elevated but reduced, indicating that these proteins are not essential to mediate tamoxifen resistance induced by ZIP knockdown ([*SI Appendix*, Fig. S3*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). RTKs, including EGFR, HER2, PDGFR, and IGF1R, play important roles in endocrine chemotherapy resistance by regulating the activities of genes whose products can bypass the function of ERα in breast cancer ([@r6]). In cells lacking ZIP, the expression of EGFR and HER2, but not of IGF1R or PDGFR, was up-regulated ([*SI Appendix*, Fig. S3*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). We found that the activation level of EGFR, but not HER2, was elevated in ZIP-knockdown cells ([Fig. 2*G*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S3*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)) and that EGFR was one of the mediators through which ZIP regulated ERα expression ([*SI Appendix*, Fig. S3*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). This result is in agreement with the previous finding that ZIP represses EGFR and suppresses breast carcinogenesis. In these cells, we also found expression of p21-activated kinase 1 was suppressed, which has been reported to predict tamoxifen failure in primary tumors ([*SI Appendix*, Fig. S3*G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). We also found that most of the miRNAs that regulate TAM sensitivity, including mir101, mir206, and mir221/mir222, were not dramatically suppressed by ZIP knockdown ([*SI Appendix*, Fig. S3*I*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). Therefore, we conclude that ZIP does not suppress the expression and activity of BCARs and most of RTKs, which suggests that the loss of ZIP-induced tamoxifen resistance is not through induction of these classical chemoresistance genes.

In addition to the pathways noted above, we also investigated the activity of other potential ZIP downstream pathways, including MAPK-ERK, PI3K-PTEN/AKT/mTOR, PKA and PAK1, NFκB, etc. Phosphorylation of IKKα/β was elevated, while pIκB was repressed, in T47D cells ([*SI Appendix*, Fig. S3*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). In TNBC cells, BT549 and MDA-MB-231, PTEN, and EGFR were repressed when ZIP was overexpressed ([*SI Appendix*, Fig. S3*J*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental) and ref. [@r34]). Then we tested the combination of TAM with the inhibitors against these regulated factors. We found that pathways of EGFR, AKT/mTOR, and NFκB, but not HER2, were involved in ([*SI Appendix*, Fig. S3*K*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

ZIP Represses STAT3 Activation by Regulating JAK2 Expression. {#s17}
-------------------------------------------------------------

As a critical transcription factor, STAT3 plays important roles in cancer progression and chemoresistance ([@r10]). We asked whether STAT3 is involved in the regulation of tamoxifen sensitivity by ZIP. The level of activated STAT3 was elevated in shZIP cells ([Fig. 2*G*](#fig02){ref-type="fig"}). Furthermore, knockdown of STAT3 in ZIP-knockdown cells reduced the resistance caused by ZIP inactivation ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). Therefore, ZIP modulates tamoxifen sensitivity, at least partly, by regulating STAT3 activation in breast cancer cells.

Since EGFR was reported to directly activate STATs ([@r28], [@r37]), we also investigated whether EGFR activates STAT3 in ZIP-knockdown cells, finding that knockdown of EGFR did not affect the tyrosine phosphorylation of STAT3 in these cells ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). Among potential ZIP target genes discovered by ChIP-seq, JAK2 is an important regulator of STAT activation and is also involved in responses to growth factors ([@r38], [@r39]). Interestingly, in MCF7-shZIP cells, respective treatment with the JAK inhibitor AZD1480 ([@r40]) efficiently suppressed the phosphorylation of STAT3 but had minimal effects on cell viability ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)), indicating that JAK2 may participate in STAT3 activation that is driven by ZIP. Furthermore, the Bliss independent criterion ([*Materials and Methods*](#s1){ref-type="sec"}) showed that combining AZD1480, a JAK inhibitor, with tamoxifen enhanced the inhibitory effect of tamoxifen ([Fig. 3*A*](#fig03){ref-type="fig"}).

![The ability of ZIP to reverse resistance to tamoxifen is partly induced by the phosphorylation of STAT3. (*A*) A JAK2 inhibitor enhances the effect of TAM. Cells were treated with tamoxifen alone or together with AZD1480, and MTT assays were performed. *n* = 3. (*B*) ZIP overexpression down-regulates STAT3 and JAK2 phosphorylation. Total proteins from control or ZIP-overexpressed ZR cells were assayed by the Western method for phosphorylated JAK2, total JAK2, phosphorylated STAT3, and total STAT3. (*C*, *Left*) Total proteins from JAK2-knockdown or control MCF7-shZIP cells were analyzed by the Western method for phosphorylated JAK2, total JAK2, phosphorylated STAT3, or total STAT3. (*C*, *Right*) MTT assays were performed to test viability following treatment with tamoxifen. (*D*) TYK2-deficient U1A mutant cells, JAK1-deficient U4A mutant cells, JAK2-deficient γ2A mutant cells, and parental 2fTGH (WT) cells were infected with a control lentivirus or a virus encoding ZIP. Total lysates were analyzed for total JAK2, phosphorylated STAT3, and ZIP. GAPDH was used as the loading control. (*E* and *F*) ZIP expression was negatively correlated with JAK2. Expression levels of ZIP and JAK2 in TCGA total breast cancer cases (*n* = 1,100), as well as subtype-specific breast cases from RNA-seq data, are plotted. \**P* \< 0.05, \*\**P* \< 0.01.](pnas.1910278117fig03){#fig03}

In addition, overexpression of ZIP in ZR cells that are tamoxifen resistant and express low levels of ZIP efficiently suppressed JAK2 expression, as well as JAK2 and STAT3 activation ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S4*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). A JAK2-specific shRNA also inactivated STAT3 phosphorylation, up-regulated ERα expression level, and increased tamoxifen sensitivity ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S4 *D*--*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). Interestingly, ectopic expression of ZIP in 231 or BT549 cells also decreased JAK2 expression and the levels of phosphorylated STAT3 ([*SI Appendix*, Fig. S4 *I* and *J*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

Ruxolitinib, a potent inhibitor of JAKs 1 and 2, has been approved for the treatment of myelofibrosis. To explore the potential effect of combining two approved drugs, we treated MCF7shZIP cells with tamoxifen and ruxolitinib together. This combination strongly enhanced the inhibitory effect seen with tamoxifen alone ([*SI Appendix*, Fig. S4*K*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)), but ruxolitinib alone had no substantial effect on cell viability, although it did inhibit JAK2 activity ([*SI Appendix*, Fig. S4*L*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). We conclude that a JAK or STAT3 inhibitor might be a useful addition to tamoxifen in treating a specific group of breast cancer patients ([@r41]).

If JAK2 is the most important effector downstream of ZIP and upstream of STAT3, in JAK2 wild-type (WT) cells, we expect that ZIP would suppress STAT3 activation, while in JAK2-null cells, ZIP would not. γ2a is a JAK2-knockout cell line derived from 2fTGH cells. As expected, ZIP overexpression suppressed the phosphorylation of STAT3 in parental 2FTGH, TYK2-deficient U1A mutant cells, and JAK1-deficient U4A mutant cells, but not in γ2A cells ([Fig. 3*D*](#fig03){ref-type="fig"}).

Moreover, in the Cancer Genome Atlas (TCGA) data from total breast cancer cases (*n* = 1,100), there is a −0.33 correlation value between ZIP and JAK2, supporting the conclusion that the expression of those two factors is negatively correlated ([Fig. 3*E*](#fig03){ref-type="fig"}). Especially, this negative correlation is statistically significant in normal, luminal A, and luminal B subtypes ([Fig. 3*F*](#fig03){ref-type="fig"}).

In summary, the expression of ZIP was repressed in tamoxifen-resistant breast cancer specimens compared to paired control normal tissues. And in vitro, the levels of ZIP expression are inversely correlated with the levels of JAK2 and phosphorylated STAT3. These data confirm that ZIP regulates STAT3 activity by regulating JAK2 expression. Increased expression of JAK2 in MCF7 cells failed to activate STAT3 or induce tamoxifen resistance ([*SI Appendix*, Fig. S4*M*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)), indicating that JAK2 activation is also required. A genome-wide RNA-seq analysis of MCF7-shC and -shZIP cells helped us to find additional ZIP-regulated genes that are involved in the JAK-STAT pathway ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental) and [Dataset S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

ZIP Regulates JAK2 Expression by Directly Binding to Its Promoter. {#s18}
------------------------------------------------------------------

To address whether ZIP regulates JAK2 expression directly, we searched DNA sequences in and near the JAK genes, finding potential ZIP binding sites upstream of *JAK2* ([Fig. 4*A*](#fig04){ref-type="fig"}). The element GGAGg/aAg/aA was based on an analysis from a cyclic amplification and selection of target assay ([@r18]), in which immobilized ZIP protein binds to specific DNA sequences, with the finding that 80 of 93 sequences contained a GA-rich element. To test whether ZIP binds to the *JAK2* gene, we performed a ChIP assay in 293T cells transfected with the pCDNA3.1-FLAG-ZIP plasmid. ZIP-FLAG immunoprecipitated DNA fragments flanking both the GGAGAAGA sequence at −6226 to −6219 bp and the sequence at −5482 to −5475 bp (upstream from the ATG start codon) but not fragments from similar sites upstream or downstream, flanking −8745 to −8738 or −155 to −148 bp ([Fig. 4*B*](#fig04){ref-type="fig"}). Interestingly, we also found that ZIP can bind to the upstream region of its own gene, at −2132 GGAGGAAA −2125 (upstream from the ATG start codon) ([Fig. 4*B*](#fig04){ref-type="fig"}). To investigate whether ZIP regulates *JAK2* transcription, we cloned fragments of the *JAK2* upstream regulatory region into luciferase reporter vectors, made mutations in both binding elements, and stably transfected these vectors into 293T cells. Then we transiently transfected ZIP or control expression vectors into these cells ([Fig. 4*C*](#fig04){ref-type="fig"}). Mutation of the ZIP binding site in the *JAK2* upstream sequence obviously hindered the ability of ZIP to repress expression in a dose-dependent manner ([Fig. 4*D*](#fig04){ref-type="fig"}). Our data indicate that ZIP represses JAK2 expression directly and thus down-regulates STAT3 activation. Although JAK2 expression is necessary to mediate tamoxifen resistance, activation of JAK2 by one or more cytokines is also required ([@r42]).

![ZIP binds to the JAK2 promoter and regulates gene expression. (*A*) ZIP target sequences in the JAK2 locus. Sequence lengths and locations relative to the ATG start codon are shown. (*B*) The JAK2 promotor is targeted by ZIP. ChIP assays were performed to confirm the occupation of potential target sequences. (*C*) Transient overexpression of ZIP in 293T cells. The expression level of ZIP was assayed by the Western method. (*D*) ZIP represses JAK2 promotor-driven luminescence. The 293T cells were stably transfected with luciferase vectors driven by the mutation GGAggAGA to GGActAGA, or wild-type JAK2 promoters. Vectors encoding ZIP or controls were transfected into the cells, and luminescence was measured 24 h later. Values were normalized to cells infected with only control vectors. Each bar represents the mean of triplicate experiments. \**P* \< 0.05.](pnas.1910278117fig04){#fig04}

Discussion {#s19}
==========

The ZIP gene is located at 20q13, a hot spot that includes additional genes related to tamoxifen resistance ([@r30]). The ZIP protein represses the expression of its target genes by binding to specific sequences in their promoters, followed by recruitment of the NuRD complex to establish a condensed chromatin state by a universal deacetylation mechanism ([@r18]). We found that suppression of ZIP expression resulted in regulation of multiple pathways, especially suppression and inactivation of ERα ([*SI Appendix*, Fig. S3 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

ChIP-seq data indicated that JAK2 might be a regulator of STAT activity in response to ZIP. We searched for DNA sequences in and near the JAK genes, finding potential ZIP binding sites upstream of *JAK2* ([Fig. 4*A*](#fig04){ref-type="fig"}). Consistently, overexpressing ZIP suppressed the expression of JAK2 mRNA and protein ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S4 *C*, *I*, and *J*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). There is also a ZIP target sequence −2132 to −2125 bp upstream of the coding region of the *ZIP* gene itself that could be recognized by the ZIP protein ([Fig. 4*B*](#fig04){ref-type="fig"}), suggesting that ZIP inhibits its own expression, establishing a negative feedback loop. By that means, it may be possible to balance histone acetylation and gene expression more readily ([@r19]).

As a consequence of the decrease in JAK2 expression, phosphorylated STAT3 was also down-regulated by ZIP ([Fig. 3*B*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S4 *I* and *J*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). Although knockdown of JAK2 expression resulted in STAT3 inactivation and tamoxifen sensitization, overexpression of JAK2 in MCF7 cells did not lead to STAT3 phosphorylation or tamoxifen resistance ([*SI Appendix*, Fig. S4*M*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)), indicating that the level of JAK2 expression is not itself sufficient to drive STAT3 activation, almost certainly because activation of JAK2 by appropriate cytokines is also required ([Dataset S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)). In addition, the expression of many genes directly targeted by ZIP, including several genes involved in tumor progression ([@r45], [@r46]), was up-regulated rather than suppressed, implying additional mechanisms of the ZIP function.

The V617F mutation of JAK2 is found in about 95% of patients with polycythemia vera and about 50% of patients with essential thrombocythemia or primary myelofibrosis ([@r47]). This mutation is one of the most common abnormalities in myeloproliferative neoplasms ([@r35]), highlighting mutated JAK2 as a therapeutic target in several diseases ([@r36]). However, clinical trials of JAK2 V617F inhibitors reveal that targeting this protein might be difficult ([@r49], [@r50]). Thus, negative regulators such as ZIP can suppress the expression of both JAK2 and JAK2V617F and may provide another approach to modulate the expression of this mutated protein. Because there is significant overlap in signaling, cells simultaneously employ multiple pathways to activate proliferation, survival, angiogenesis, metastasis, and drug resistance. This flexibility enables tumors to bypass the stress of treatment with a single drug, revealing the necessity of combining therapeutic modalities. Our data revealing that AZD1480 enhances the inhibitory effect of tamoxifen provide a rationale for combining hormone therapy with inhibition of JAK-STAT signaling ([Fig. 3*A*](#fig03){ref-type="fig"}). Ruxolitinib (INCB018424), a selective inhibitor of both JAK1 and JAK2, is an orally available drug that has been evaluated extensively in clinical trials. It is the first FDA-approved JAK2 inhibitor for treating myelofibrosis ([@r51]). Our data concerning the expression and activation status of JAK2 and STAT3 support the possibility that ruxolitinib, in combination with tamoxifen, may benefit a specific subset of breast cancer patients ([*SI Appendix*, Fig. S4 *K* and *L*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).

STAT3 is an important therapeutic target in several kinds of cancers ([@r52], [@r53]) since the effectiveness of therapy is hindered when STAT3 is activated. There is currently some information concerning specific molecular mechanisms that govern drug resistance in response to STAT3 activation. MDR1, a STAT3-responsive gene important in resistance ([@r54]), encodes a protein in the ABC family that pumps many different drugs out of cells, thus reducing their intracellular levels. Several other proteins, including MRP1 and TOPOII, which are regulated coordinately with STAT3, are also therapeutic targets ([@r55]).

Our data also indicate that ZIP may serve as a prognostic biomarker ([Fig. 2*D*](#fig02){ref-type="fig"}). We surveyed an online database to assess the relevance of the levels of expression of different mRNAs on clinical outcomes for breast tumor patients ([@r56]). Interestingly, higher ZIP expression predicts a better prognostic outcome (hazard ratio = 0.7, CI = 0.54 to 0.91, *P* = 0.0076) in the group of 1,045 ERα-positive patients in which TAM was used as adjuvant treatment, supporting the idea that ZIP expression can be used as a biomarker for predicting prognosis and responses to selective estrogen receptor modulators, such as tamoxifen ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910278117/-/DCSupplemental)).
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